[1] We have used multispectral images from Clementine and data from Lunar Prospector's magnetometer to conduct a survey of lunar crustal magnetic anomalies, prominent lunar swirls, and lesser known swirl markings to provide new information on the nature of swirls and their association with magnetic anomalies. We find that all swirls and swirl-like albedo patterns are associated with areas of magnetized crust, but not all areas of magnetized crust are colocated with swirl-like albedo anomalies. All observed swirls exhibit spectral characteristics similar to immature material and generally have slightly lower FeO values compared with their surroundings as determined with a multispectral iron-mapping method. We discuss these results in relation to the various hypotheses for swirl formation. The comet impact hypothesis for lunar swirls would not predict a difference in the spectrally determined FeO content between swirls and nearby ordinary surfaces. The compositional difference could be explained as a consequence of (1) magnetic shielding of the surface from the solar wind, which could produce anomalous space weathering (little darkening with limited reddening) and potentially alter the predictions of the multispectral iron-mapping algorithm while the compositional contrast could be enhanced by delivery of lower-FeO ejecta from outside the swirl; and (2) accumulation of fine plagioclase-rich dust moving under the influence of electric fields induced by solar wind interactions with a magnetic anomaly. Therefore, we cannot at present clearly distinguish between the solar wind shielding and electrostatic dust accumulation models for swirl formation. We describe future measurements that could contribute to solution of the puzzle of swirl origin.
Introduction
[2] The particles and fields subsatellites carried aboard Apollo 15 and 16 revealed the presence of areas of magnetized crust on the Moon [e.g., Coleman et al., 1972; Russell et al., 1975; Hood et al., 1981] . The inclination of the satellite orbits limited mapping of the surface fields to equatorial and midlatitudes. Global coverage was provided by the polar-orbiting Lunar Prospector spacecraft's magnetometer and electron reflectometer . The Lunar Prospector data confirmed the presence of magnetic anomalies mapped with Apollo data, such as those at Reiner Gamma and Rima Sirsalis, and also led to the discovery of a number of additional magnetic anomalies. A key question concerning these crustal frozen fields relates to the source of the original magnetizing field [e.g., Hood, 1995; Hood, 2008a, 2008b] . The magnetization could have resulted from an ancient core dynamo [e.g., Garrick-Bethell et al., 2009b; Wieczorek and Weiss, 2010; Hood, 2010] , or by transient fields produced via amplification of ambient fields during basin-forming impacts [Hood and Vickery, 1984; Hood and Huang, 1991; Crawford and Schultz, 1999; Hood and Artemieva, 2008] . The observation that many, though not all, magnetic anomalies are found antipodal to major impact basins [Lin et al., 1988; Hood et al., 2001; Richmond et al., 2005; Mitchell et al., 2008] supports the idea that the formation of the magnetic anomalies relates to the formation of the basins. Another impact-related hypothesis concerns remnant magnetism impressed on the surface during the relatively recent collision of a cometary coma with the Moon [Schultz and Srnka, 1980] .
[3] Lunar crustal magnetic anomalies are also of interest because of their link to the class of enigmatic high-albedo markings known as lunar swirls [e.g., El-Baz, 1972; Hood et al., 1979a Hood et al., , 1979b Hood et al., , 2001 Hood and Williams, 1989; Richmond et al., 2005] . Many of the prominent swirls, such as the Reiner Gamma Formation and the swirls in Mare Ingenii and Mare Marginis, among others, are colocated with magnetic anomalies. The classic swirls, exemplified by the Reiner Gamma Formation, consist of high-reflectance ribbons and loops that can stretch for several hundred kilometers across the lunar surface, with "dark lanes" sometimes enclosed within the sinuous bright markings. The swirls lack perceptible topography at the resolution of currently available images.
[4] Recently, a continuum of swirl morphologies has been recognized with the complex Reiner Gamma-type pattern as one end-member [Blewett et al., 2007b] . At the other extreme is an anomalous diffuse bright spot, such as the one found in the Descartes highlands (discussed below in section 4.1). Intermediate forms consist of a simpler bright loop with a dark lane. An example of this type is located near Airy crater (section 4.2 below). The complex variety of swirl is more common in mare locations, while highland swirls are more likely to be less well developed [Blewett et al., 2007b] .
[5] The leading hypotheses that have been advanced for the formation of the swirls are (1) regolith disturbance caused by the relatively recent impact of a comet coma, cometary fragments, or cometary meteor swarms [Schultz and Srnka, 1980; Pinet et al., 2000; Starukhina and Shkuratov, 2004] ; (2) atypical space weathering as a result of the magnetic anomaly shielding the surface from solar wind ion bombardment [Hood and Schubert, 1980; Hood and Williams, 1989] ; and (3) preferential accumulation of fine, feldspar-rich dust caused by attraction and repulsion of levitated dust grains by electric fields induced by solar wind interaction with the magnetic anomaly [Garrick-Bethell et al., 2009a .
[6] The origin of the lunar swirls is an outstanding puzzle in lunar geoscience. In addition, the swirls lie at the intersection of broader issues in planetary science, including planetary magnetism and the agent of space weathering. There has been controversy concerning the relative importance of solar wind sputtering and implantation versus micrometeoroid bombardment in producing the optical effects of space weathering [e.g., Pieters et al., 2000; Hapke, 2001) . The lunar swirls are thus important natural laboratories for understanding space weathering processes, which affect the interpretation of remote-sensing observations of airless rocky solar system bodies such as Mercury and the asteroids in addition to the Moon.
[7] In this contribution, we have examined the better known swirls, several lesser known swirl markings, and newly discovered magnetic anomalies in order to provide new information on the nature of swirls and their association with magnetic anomalies. The goals of the study are to (1) determine if unusual albedo markings are associated with recently identified magnetic anomalies; (2) determine if magnetic anomalies are present at several previously known but little-studied swirl occurrences; (3) evaluate differences in swirl morphology between highland and mare locations; (4) analyze spectral reflectance trends related to regolith composition and maturity in high-albedo swirl areas and make comparisons with trends in the surrounding surfaces; and (5) examine the implications of our findings for the various hypotheses of swirl formation.
Data
[8] Our primary image data were obtained by the Clementine ultraviolet/visible (UV-Vis) camera. Clementine image cubes (200 m/pixel in five wavelengths: 415, 750, 900, 950, and 1000 nm) used for morphological and spectral analysis are calibrated to reflectance Isbell et al., 1999] and were obtained from the U.S. Geological Survey's Map-A-Planet Web site (http://www.mapaplanet.org/). We present composites of three Clementine bands as pseudo-true color images. We have also used the Clementine images to produce ferrous iron (FeO) abundance and optical maturity maps [Lucey et al., 2000a [Lucey et al., , 2000b . The Clementine data were augmented by additional orbital photography from other sources, including Lunar Orbiter and Apollo.
[9] Information on the shapes and locations of crustal magnetic anomalies was obtained from maps of total field strength derived from Lunar Prospector magnetometer measurements, including those presented by Hood et al. [2001] , Richmond et al. [2003 Richmond et al. [ , 2005 , Richmond and Hood [2008a] , Purucker [2008] , and Hood [2010] . In addition, individual orbit passes were examined (L. L. Hood, personal communication, 2010) to further constrain the locations of the anomalies and to estimate their strengths at 30 km altitude. We have categorized the magnetic anomalies as weak, moderate, or strong based on their estimated peak strengths at 30 km altitude. The swirls and magnetic anomalies we studied are listed in Table 1 .
Better Known Swirls
[10] This section focuses on the lunar swirl occurrences that are the most prominent in terms of visibility and that have received the most attention in the literature.
Reiner Gamma Formation
[11] The Reiner Gamma Formation in western Oceanus Procellarum is the type occurrence of a lunar swirl [McCauley, 1967] . It has been the subject of considerable interest [e.g., El-Baz, 1972; Schultz and Srnka, 1980; Hood and Schubert, 1980; Hawke, 1981, 1987; Hood and Williams, 1989; Pinet et al. 2000; Starukhina and Shkuratov, 2004; Shkuratov et al., 2008] . Reiner Gamma is the only example of the full classic swirl morphology (extensive looping, sinuous, high-albedo ribbons with accompanying dark lanes) on the nearside of the Moon.
[12] We do not discuss Reiner Gamma extensively in this section, but present a Clementine mosaic (Figure 1 ) so that this important example can be compared with the other swirls illustrated in this paper. Several maps of the magnetic field strength over Reiner Gamma have been published, including those of Hood [1980] , Hood and Schubert [1980] , and Hood et al. [2001] . These maps show the peak of the magnetic anomaly to be centered on the brightest portion of the main swirl. Through examination of these maps, the global map of Purucker [2008] and individual Lunar Prospector orbit tracks from July 1999, the maximum of the field strength at 30 km altitude (assuming the strength falls as the −2 power of altitude) is estimated to be 22 nT (Table 1) .
Further analysis of the spectral properties of the Reiner Gamma swirl is given in section 7.3.
Mare Ingenii
[13] Lunar Orbiter images provided good coverage of the prominent swirls found on Mare Ingenii, and these swirls are shown on the maps of Stuart-Alexander [1978] , Schultz and Srnka [1980] , and Hood and Williams [1989] . The complex, sinuous, high-albedo markings overlie the lateImbrian mare basalts [Stuart-Alexander, 1978] and also appear to cross the highland units on the western shores of Mare Ingenii and the southwest rim of the Thomson crater ( Figure 2 ). The area of the swirls is antipodal to the Imbrium basin, and highland units around Mare Ingenii include "grooved and mounded" material [Stuart-Alexander, 1978] . The unusual texture may be related to the formation of the Imbrium basin through antipodal coalescence of ejecta [Moore et al., 1974; Wieczorek and Zuber, 2001] or seismic focusing [Schultz and Gault, 1975] .
[14] The magnetic field structure over Mare Ingenii is delineated in Lunar Prospector maps for this area presented by Hood et al. [2001] , Richmond et al. [2005] , and Richmond and Hood [2008a] . The maximum of the field strength at 30 km altitude is estimated to be 20 nT, a value slightly less than that of the Reiner Gamma anomaly. The peak magnetic intensity is spatially coincident with the largest and highest reflectance portion of the swirl, over the southern section of Mare Ingenii and crater Thomson M. Kramer et al. [2010] have examined the spectra of small fresh craters in and near the Mare Ingenii swirls in order to evaluate the correlation between magnetic shielding and optical maturation.
Mare Marginis
[15] Swirls on and around Mare Marginis (Figure 3 ) constitute the western end of the swirl belt described by El-Baz [1972] and Schultz and Srnka [1980] . Goddard A, a fresh ∼12 km diameter crater just north of Mare Marginis, was proposed by Schultz and Srnka [1980] to have been formed by the impact of the nucleus of a comet whose coma produced the swirls in this area. The Marginis swirls can be seen in Apollo 16 image AS16-121-19430 and Srnka [1980] , and Hood and Williams [1989] . A highland unit, "furrowed and pitted material" of Imbrian or Nectarian age, has been mapped immediately to the north and east of Mare Marginis [Wilhelms and El-Baz, 1977] . Furrowed and pitted terrain, which has some morphological similarities to the grooved and mounded unit near Mare Ingenii (see section 3.2 above), occurs near the antipode to the Orientale basin and the two units may share an origin in the deposition of antipodal basin ejecta [Moore et al., 1974; Wieczorek and Zuber, 2001] or antipodal seismic modification [Schultz and Gault, 1975] ; see also discussion of the furrowed and pitted unit by Richmond et al. [2005] .
[16] The Clementine color-composite mosaic (Figure 3 ) shows the bright rays surrounding Goddard A, as well as the swirls on Mare Marginis (to the west and southwest of Goddard A). In addition, on the highlands ESE of Goddard A, well-developed sinuous, curvilinear high-reflectance swirls with dark lanes are visible. Gillis and Spudis [2000] conducted a geological study of the Marginis-Smythii region. They examined the Marginis swirls using Clementine parameter maps and attributed the high albedo of the swirls to the presence of unweathered material, but could not distinguish between swirl origin by magnetic shielding and scouring by comet impact.
[17] Lunar Prospector coverage of the Marginis area is relatively poor. Maps by Richmond et al. [2005] , Richmond and Hood [2008a] , and the Apollo subsatellite maps of Hood and Williams [1989] show a somewhat "lumpy" field here. The largest anomaly in this group is nearly centered on Goddard A, and has an estimated amplitude at 30 km of 6 nT.
Magnetic Anomalies Identified from Orbit
[18] In this section we present two magnetic anomalies and associated albedo markings that have been the subject of previous study (Descartes and Airy). We then examine five other lunar crustal magnetic anomalies in order to determine if unusual albedo features are also present. The Rima Sirsalis magnetic anomaly has been known since Apollo, while anomalies near Abel, Crozier, Hartwig, and Stöfler have only recently been revealed through processing of Lunar Prospector data [Richmond and Hood, 2008a] . 
Descartes
[19] A crustal magnetic anomaly in the Descartes mountains south of the Apollo 16 landing site was identified through analysis of Lunar Prospector electron reflectometer data . Mapping of the anomaly with Lunar Prospector magnetometer data was presented by Richmond et al. [2003] , who noted that a diffuse area of high reflectance coincides with the magnetic anomaly. This high-albedo area (Figure 4) had previously been described and was once considered as a candidate for highland volcanism [Milton, 1968; Wilhelms and McCauley, 1971; Head and Goetz, 1972] . Richmond et al. [2003] attributed the high albedo to decreased space weathering by the solar wind deflection mechanism and suggested that the source of the magnetic anomaly is magnetized ejecta (Cayley and Descartes Formation materials) from the Nectaris or Imbrium basins. Radioisotope dating of Apollo 16 breccias suggests that the Descartes terrain was emplaced as Imbrium basin ejecta [Norman et al., 2010] .
[20] Blewett et al. [2005] discussed the case of the Descartes magnetic and albedo anomaly, and pointed out that the presence of two fresh impact craters and radar characteristics consistent with a high abundance of centimeter-to-decimeter-size surface scatterers [Zisk et al., 1972] could account for the high albedo, even without anomalous space weathering caused by magnetic shielding of the surface from solar wind sputtering and implantation. However, the coincidence of the high-reflectance spot with the magnetic anomaly is strongly suggestive that the two are related. It is attractive to consider it as an end-member swirl type that is characteristic of the highlands [Blewett et al., 2007b] .
[21] The magnetic anomaly is the strongest on the lunar nearside, slightly stronger than the one at Reiner Gamma [Richmond et al., 2003; Richmond and Hood, 2008a] . Interpolating the maximum amplitudes of the Descartes anomaly in Lunar Prospector magnetometer orbit passes at 19 and 35 km altitude yields an estimated total field strength at 30 km of 24 nT.
Airy
[22] An isolated magnetic anomaly is found in the nearside highlands just west of Airy crater [Blewett et al., 2007b; Richmond and Hood, 2008a; Purucker, 2008] . The area is mapped as Imbrian-aged smooth plains and rolling terra material [Holt, 1974] . Blewett et al. [2007b] described a high-reflectance marking that coincides with the magnetic anomaly ( Figure 5 ). The Airy albedo feature (∼18.1°S, 3.25°E) consists of an elongated, curved bright area (originally interpreted as ray material by Holt [1974] ) with a narrow, central darker portion. Analysis of Earth-based telescopic near-infrared reflectance spectra and Clementine multispectral images for the albedo markings demonstrate that the high reflectance is a result of a contrast in optical immaturity compared to the surroundings, with no indication of unusual composition [Blewett et al., 2007b] . The single loop with central dark lane structure is interpreted as an intermediate swirl form, between the simple diffuse high-albedo spot of the Descartes anomaly and the complex looping, sinuous highalbedo/dark lane patterns of swirls such as Reiner Gamma.
[23] In order to determine the magnetic anomaly strength at 30 km altitude, the individual orbit tracks used to produce the contour map shown Blewett et al. [2007b] were examined. This estimate gives an intensity of 13 nT. Airy's magnetic strength falls into our "moderate" category (Table 1 ).
Rima Sirsalis
[24] Rima Sirsalis ( Figure 6 ) is a 300 km long straight rille located at ∼13°S, 59°W. It extends in the highlands across distal Orientale ejecta northeast toward Oceanus Procellarum [Schultz, 1976] . The Rima Sirsalis magnetic anomaly was first identified by Anderson et al. [1977] using Apollo 16 subsatellite electron reflectometer data. Srnka et al. [1979] performed modeling of the magnetic anomaly, assuming the rille was the magnetized body responsible for the anomaly. Lunar Prospector mapping provided more details of the Rima Sirsalis anomaly Hood et al., 2001, Richmond and Hood, 2008a; Purucker, 2008] . Hood et al. [2001] found that the magnetic anomaly is not centered on the rille itself, but rather on an Imbrian aged smooth plains unit slightly to the southeast of the rille. Hood et al. [2001] suggested that the plains unit (Ip on the map of McCauley [1973] ) was the source of the Rima Sirsalis anomaly, because of the association of other Imbrian-age basin ejecta units with magnetic anomalies (e.g., Cayley and Descartes materials near the Apollo 16 site, Richmond et al. [2003] ). Halekas et al. [2001] , who sought correlations between 77 other nearside rilles and magnetic anomalies but found none, support the conclusion of Hood et al. [2001] that the plains unit, not the rille, is the source of the magnetic anomaly. The magnetic contour map of the Sirsalis area, from Purucker [2008] (Figure 6a ), is similar to that of Hood et al. [2001] , with a primary anomaly centered immediately east of the rille and a secondary anomaly to the northeast near the mare-flooded crater Sirsalis E. The peak magnetic field strength in our map is just under 8 nT, in agreement with estimates made from examination of the individual orbit passes employed in production of the map.
[25] Our study of images for the region has identified one classic sinuous swirl-like marking to the north of Sirsalis at ∼1°S, 61°W ( Figure 6b ) and a loop with a dark lane northeast of Sirsalis within the secondary magnetic anomaly (∼7°S, 53.5°W, Figure 6c) ; both of these features are on mare material in Oceanus Procellarum. Potential anomalous loops and bright patches (∼15°S, 59°W; Figure 6d ) on the highland plains unit close to the primary magnetic anomaly have also been located.
[26] The swirl at 1°S, 61°W has the shape of the Greek letter omega (W, Figure 6b ) and is just east of crater Lohrmann A. In our map, the field strength over the omega swirl is ∼1 nT, though at the surface the field could be stronger (see section 6). This albedo feature was mentioned in the Lunar Photo of the Day (available at www.lpod.org) for 04 April 2009, where it was described as a "swirlette" that possibly represented an extension of Reiner Gamma's southern tail. The distance from the omega swirl to the main Sirsalis magnetic anomaly is ∼352 km, and its distance from the main Reiner Gamma magnetic anomaly is ∼268 km. Hood et al. [2001] suggested that both the Reiner Gamma and the Sirsalis magnetic anomalies result from magnetized Imbrium ejecta, so the omega swirl could be a link between these two.
[27] The loop and dark lane at 7°S, 53.5°W have several associated wispy elongated high-reflectance patches (Figures 6a and 6c) . A number of bright crater ray segments, likely from Sirsalis and Sirsalis F, cross this portion of the mare. Despite the distraction caused by these rays, the loop and dark lane structure is clear, with a morphology similar to other swirls found on the maria and to the highland highalbedo loop coincident with the Airy magnetic anomaly (section 4.2 above). The Lunar Prospector magnetic map (Figure 6a) shows the field strength at this loop, within the secondary Sirsalis anomaly, to be 3-5 nT at 30 km altitude.
[28] In the highlands, swirls typically have less albedo contrast and less-complex morphology than those on the maria. Hood [1981] remarked on possible swirl markings around Sirsalis F and J. The bright rays of the Copernican crater Sirsalis F complicate interpretation of features on the plains unit within the main Sirsalis magnetic anomaly. Several markings that have shape and color characteristics similar to albedo patterns associated with other highland magnetic anomalies are visible between Sirsalis J and Fontana C (in the peak of the primary magnetic anomaly) in the high Sun Clementine color-composite image. However, examination of Lunar Orbiter 4 frame 156-H2, which has lower Sun illumination, suggests that the high-albedo markings between these two craters could be the result of topographic variation and ballistic shadowing of ejecta from Sirsalis F. It may be that the extensive deposition of extremely fresh material during the formation of Sirsalis F rays has overwhelmed preexisting swirl-like features in this area.
Abel
[29] Richmond and Hood [2008a] reported a magnetic anomaly near the crater Abel. The magnetic field map [Purucker, 2008] indicates that the anomaly is centered at ∼32°S, 88°E, on a highland promontory between Abel and Barnard D, in the northern portion of Mare Australe. The maximum strength of the feature at 30 km altitude, estimated from orbital passes in July and April 1999, is 10 nT. The origin of the magnetized crustal material here is uncertain. No recognized basin is antipodal to this location. The highland units present are Nectarian mantled and cratered terra [Wilhelms and El-Baz, 1977] .
[30] Richmond and Hood [2008a] noted that no swirl-like albedo markings were mapped at this location by Wilhelms and El-Baz [1977] . Our examination of Clementine ( Figure 7 ) and Lunar Orbiter images (in particular Lunar Orbiter 4 image 009-H3) found no clear examples of high-albedo patches similar to those at other swirl locations. No sinuous markings are present on the various mare units in the vicinity of the magnetic anomaly. A few bluish, high-reflectance streaks can be seen on the highlands, but they appear to be portions of long ray segments that cross the area. No Airy-type highland loop or dark lane features are present.
Crozier
[31] An isolated magnetic anomaly exists in southern Mare Fecunditatis, near the crater Crozier [Richmond and Hood, 2008a] . The area (Figure 8 ) consists of pre-Imbrian crater material and Imbrian terra [Hodges, 1973] . The mare basalts surrounding this patch of highlands, as well as the mare inside Crozier (22-km diameter) and within nearby craters of similar size, are of Imbrian age [Hodges, 1973] .
[32] The peak of the magnetic anomaly is located a short distance southeast of Crozier, approximately on crater McClure D. Individual Lunar Prospector orbital passes from July 1999 allow the strength of the anomaly, continued to 30 km altitude, to be estimated as 6 nT. The area of the peak appears to be brighter than the surrounding area. However, the area beneath the magnetic peak consists of exposed highlands, and the vicinity of Crozier has been affected by crater rays from Langrenus (127 km diameter), which is centered ∼250 km to the northeast of Crozier. Rays from Petavius B to the south and other craters also cross the area. Numerous small craters (a few kilometers in diameter and smaller) have excavated through the highland-rich ejecta and ray materials and exposed the underlying mare basalt. These small craters are visible in the Clementine colorcomposite image as bluish spots with dark haloes (Figure 8 ). Study of the Clementine mosaic at different contrast stretches does not reveal any definitive candidate swirl-like markings in the area around Crozier. This conclusion is supported by examination of Lunar Orbiter 4 image 60-H2, which was collected at a lower Sun angle than the high-Sun Clementine view. All the high-reflectance markings can be attributed to ordinary crater rays.
Hartwig
[33] Hartwig is a degraded 79 km diameter crater just outside the Orientale basin's Cordillera mountain ring, adjacent to the crater Schluter. The isolated magnetic anomaly discovered by Richmond and Hood [2008a] is centered at ∼8.8°S, 280.3°E in the map of Purucker [2008] (Figure 9a ), slightly south of Hartwig and east of Schluter A. Scott et al. [1977] mapped the area as predominantly the inner facies of the Hevelius formation, that is, the continuous ejecta of the Orientale basin.
[34] A check of individual Lunar Prospector orbit passes from July 1999 provides an additional estimate of the maximum amplitude of the magnetic anomaly and confirms a peak strength of ∼12 nT at 30 km altitude. Despite the moderate strength of the Hartwig magnetic anomaly, swirllike features are not readily apparent. The surface formed by Orientale ejecta at this location is strongly textured, with basin-radial ridges and troughs and ropy lobes and tongues [Scott et al., 1977] , as illustrated in the Lunar Orbiter view in Figure 9b . This texture combined with the presence of rays from several small, fresh craters inhibits identification of anomalous albedo patches. Portions of the area within the 10 nT contour peak of the magnetic anomaly exhibit slightly enhanced reflectance ( Figure 9a ) that could be related to magnetic shielding or some other special effect, but it is not possible to rule out ordinary crater rays as the cause. No unusual highalbedo markings stand out on the small mare deposits in the vicinity (Lacus Autumni and the deposit within Schluter).
Stöfler
[35] Another isolated magnetic anomaly reported by Richmond and Hood [2008a] is that in the southern nearside highlands near the crater Stöfler (∼41.1°S, 6.0°E). The map of contoured magnetic intensity, derived from Purucker [2008] (Figure 10 ), has a broad maximum with two peaks. One peak is over Stöfler's northwest rim and the other is roughly 100 km north of Stöfler's center. An estimate made from examination of the individual orbit passes (April 1999) Figure 7 . The area of the Abel magnetic anomaly. Image covers 23°S-37°S, 82°E-98°E in sinusoidal projection. RGB color assignments are as in Figure 1 . This is an area of moderate crustal magnetism that lacks swirl-like albedo markings. Portions of the scene missing data in one of the spectral bands have been filled in with pixels from other bands. confirms a maximum strength for the northern anomaly of ∼10 nT at 30 km altitude.
[36] This portion of the nearside is dominated by preImbrian crater materials, Imbrian-age craters, and Imbrianage plains units [Pohn, 1972] . Stöfler is approximately 300 km east of the Copernican-age crater Tycho, and Tycho rays cross the area. Tycho's rays and the frame boundaries in the Clementine mosaic ( Figure 10 ) make it more difficult to discern any swirl-like albedo patterns that could be linked to the presence of the magnetic anomaly, but no markings appear to be obviously anomalous.
Little-Studied Swirls
[37] In this section, we describe several previously known swirls (at the Crisium and Serenitatis antipodes, Hopmann, Western Mare Moscoviense, and Firsov) that have been the subject of only limited prior scrutiny. The existence of magnetic anomalies near the location of the Serenitatis antipode swirls was discovered using Apollo data [e.g., Lin et al., 1988] , but the relationship between the swirls and the magnetic anomaly has not previously been examined in detail (unlike the Orientale and Imbrium antipodes discussed above and by, for example, Lin et al. [1988] , Hood et al. [2001] and Richmond et al. [2005] ). For Hopmann, Western Mare Moscoviense, and Firsov, we perform the first inquiry as to whether regions of magnetized crust are present at the locations of the anomalous high-albedo markings.
Gerasimovich
[38] Gerasimovich crater lies in the farside highlands west of the Orientale basin, just at the fringe of the Outer Hevelius Formation [Scott et al., 1977] . This area was poorly covered by Lunar Orbiter and Apollo photography. Schultz and Srnka [1980] , Hood [1981] , and Hood and Williams [1989] mapped swirls in and around Gerasimovich with a photo returned by the Soviet Zond-8 spacecraft. The Zond image appears in Hood [1981] , Hood et al. [2001] , and Richmond et al. [2005] . Prior to the Clementine mosaic in Figure 11 , the Zond photo was the only published image of the swirls near Gerasimovich. Hood [1981] also presented a sketch map of the swirls in the Zond photo. The swirls here consist of high-albedo patches whose morphology and color in the color-composite image differ from the crater rays originating from small, fresh craters nearby (Figure 11 ). The enigmatic high-albedo patches in and near Gerasimovich do not display the more-complicated sinuous shape of the highland swirls near Mare Marginis. Rather the Gerasimovich features appear as atypical high-albedo patches, with some that are of the simple loop-with-dark lane style similar to the example near Airy crater (section 4.2 above) and some of the markings near Firsov (section 5.5, below).
[39] The magnetic anomaly near Gerasimovich is the strongest yet identified on the Moon Richmond et al., 2005; Richmond and Hood, 2008a] . The structure has two strong peaks, as seen in the maps by Hood et al. [2001] , Richmond and Hood [2008a] , and Purucker [2008] . The northern peak is located at ∼20.5°S, 237°E, about 100 km NNW of Gerasimovich D. The peak to the southeast is at ∼23°S, 239°E, just southeast of the rim of Gerasimovich D. The strengths of these peaks at 30 km altitude, determined from Lunar Prospector orbital passes in April and May 1999, are estimated to be 28 nT (northern) and 23 nT (southeastern). The swirl-like markings (Figure 11 ) are found within the areas of peak field strength. Observations of magnetic fields by the Lunar Prospector electron reflectometer and of backscattered neutral hydrogen by the Chandrayaan-1 spacecraft [Wieser et al., 2010] demonstrate that a minimagnetosphere exists over the Gerasimovich magnetic anomaly.
Northwest of Apollo Basin
[40] Farside swirls northwest of the Apollo basin were mapped by Schultz and Srnka [1980] and Hood and Williams [1989] . Hood and Williams [1989] showed Lunar Orbiter 1 frame 38-M and pointed out "relatively indistinct" swirllike markings, noting that the illumination conditions were poor. The highland units here consist of Nectarian and pre-Nectarian terrae, with small ponds of Imbrian light plains [Stuart-Alexander, 1978] . This area is antipodal to the Serenitatis basin (geometrical antipode at 26°S, 198°E, assuming the basin center given by Spudis [1993] ). Grooved massifs visible in Lunar Orbiter frames are similar to terrain at the Imbrium and Orientale antipodes [Wilhelms, 1987, Figure 9 .21A], though he notes that the grooves could have been formed by secondary impacts from nearby basins. The location of these grooves is indicated in the Clementine mosaic of Figure 12 . The potential swirls noted by previous workers (arrows, Figure 12 ) are found in the area roughly bounded by Lacus Oblivionis and craters Walker and Rumford. These high-albedo markings are of moderate sinuosity, with the presence of some dark lanes.
[41] A series of crustal magnetic anomalies roughly at the Serenitatis antipode appear on maps presented by Lin et al. [1988] , Hood and Williams [1989] , Richmond and Hood [2008a] , and Purucker [2008] . The swirls coincide with the area of the peak magnetic strength, which at 30 km altitude is estimated using individual orbital passes to be ∼12 nT. The Serenitatis antipode is somewhat similar to that of the Crisium basin (Gerasimovich area): a highland region with a moderate or strong crustal magnetic anomaly and anomalous high-reflectance markings that do not display the prominence or fully-developed complex geometry of the Reiner Gamma or Ingenii swirls.
Hopmann
[42] Hopmann crater (88 km diameter, 50.8°S, 160.3°E), is located in the farside highlands in an area of poor coverage by Lunar Orbiter photographs. Of Nectarian age [Wilhelms et al., 1979] , Hopmann has a flat, mare-flooded floor, a small central peak remnant, and terraced walls ( Figure 13 ). The Lunar Photo of the Day for 23 July 2007 drew attention to a small swirl on the southeastern floor in the form of a narrow, tightly sinuous, high-albedo ribbon visible in the Clementine images (Figures 13a and 13c ). In addition, we point out an Airy-type elongated loop with a dark lane found on the highlands just outside the crater's northeastern rim (Figure 13b) , and potentially anomalous high-reflectance markings to the north, west, and east of Hopmann (yellow arrows, Figure 13a ). Other nearby high-albedo patches are found on the floor of Garavito Y, and crossing Chretien S and W. The Hopmann swirls, as well as these additional markings, could be related to the major Mare Ingenii (Imbrium basin antipode) swirls that lie ∼450 km to the north.
[43] A crustal anomaly at the location of Hopmann appears in the global lunar magnetic maps of Richmond and Hood [2008a] and Purucker [2008] . The peak of the magnetic anomaly is centered approximately on the bright loop in Figure 13b . Data from Lunar Prospector orbits in April and May, 1999, permit the anomaly strength at 30 km altitude to be estimated as 5 nT. 
Mare Moscoviense
[44] The Moscoviense basin is centered at 26°N, 148°E [Spudis, 1993] . Lunar swirls are located on the western portion of Mare Moscoviense ( Figure 14) and were previously mapped by Gillis and Spudis [1996] and Craddock et al. [1997] . The swirls are marginally visible in an Apollo 13 color Hasselblad frame (AS13-60-8648). The swirls exhibit a complex, sinuous morphology, though their albedo contrast against the mare background is not nearly as great as that of the mare swirls at Reiner Gamma and Mare Ingenii. The Moscoviense swirls appear to be mostly confined to the mare surface. However, the contact between the mare basalts and the highland units in western Moscoviense is not sharp. The swirls may extend onto units mapped as Imbrian-age plains by Stuart-Alexander [1978] or as possible pyroclastics by Craddock et al. [1997] .
[45] Weak magnetization at Moscoviense was reported by Halekas et al. [2003] and Richmond and Hood [2008a] . Richmond and Hood [2008a] discussed possibilities for the origin of the weak fields found at basins such as Crisium and Moscoviense. The magnetic anomalies could result from magnetization of the basins in the presence of an ancient core dynamo field. Recent work suggests thermoremanent magnetization of impact melt is responsible for the magnetic character of these basins [Wieczorek and Weiss, 2010; Hood, 2010] . Alternately, as noted by Hughes et al. [2006] , the Moscoviense swirls are located roughly at the antipode of the Humorum basin. Based on the Humorum basin center given by Spudis [1993] , the Humorum antipode is located at 24°N, 141°E, or roughly 120 km southwest of the swirls. Thus, the Moscoviense (Humorum antipode) magnetic anomaly may have originated by the same type of process that produced the stronger crustal fields antipodal to younger basins such as Imbrium, Orientale, Serenitatis, and Crisium. Hood's [2010] study of magnetism at Moscoviense indicates that one anomaly is located near the center of the basin, and a second is found at the western edge of the mare in the vicinity of the swirl concentration. The western anomaly's strength is ∼4 nT at 30 km altitude, estimated from Lunar Prospector orbital passes in June 1999. The central anomaly is broader, with approximately the same peak strength.
Firsov
[46] A group of farside swirls east of the crater Firsov (centered at 4.5°N, 112.2°E) form the eastern end of a belt of swirls described by El-Baz [1972] and Schultz and Srnka [1980] . The belt extends west to the vicinity of Mare Marginis and the crater Goddard A (see section 3.3 above). Schultz and Srnka [1980] suggested the swirls were produced by the interaction of gas and dust from the coma with the regolith during a cometary collision. An Apollo 10 Hasselblad image (AS10-30-4365, Figure 15 ) dramatically shows the swirls on the highlands.
[47] Firsov is a pre-Nectarian crater surrounded by preNectarian and Nectarian terra and plains units [Wilhelms and El-Baz, 1977] . "Bright sinuous markings" have been mapped at Firsov and extending west to Mare Marginis [Wilhelms and El-Baz, 1977] . Swirls and related markings are certainly present (Figures 15 and 16 ), although many of the high-reflectance features in the Clementine image can be attributed to the extensive, extremely bright rays of Necho and King craters (to the south and east, respectively). The swirls visible in the Apollo 10 image, as well as nearby swirl-like patches, have a distinctive bluish appearance in the Clementine three-band color composite image (Figure 16 ), which distinguishes them from the Necho and King rays in this area.
[48] Magnetic field strength maps by Richmond and Hood [2008a] and Purucker [2008] show a crustal anomaly near Firsov. Lunar Prospector magnetometer data from orbital passes in April 1999 indicate the anomaly is located at ∼4.7°N, 115°E, coinciding with the swirl group east of Firsov shown in Figure 16b . The estimated peak anomaly strength at 30 km altitude is 11 nT. The comet impact hypothesis of Schultz and Srnka [1980] holds that magnetized crust was produced by amplification of the cometary field during the impact event that produced the swirls here and at Goddard A (near Mare Marginis, see section 3.3). Hood and coworkers [e.g., Hood et al., 2001; Richmond et al., 2005] propose that magnetized basin ejecta is responsible for the magnetic anomalies antipodal to younger basins like Orientale, Imbrium, and Crisium. The antipode of the Firsov magnetic anomaly is 5°S, 66°W, which is near the center of the Grimaldi basin listed by Spudis [1993] (6°S, 68°W). Grimaldi is small and old (pre-Nectarian), two factors that may make it less likely that Grimaldi ejecta or seismic waves contributed to magnetic effects observed at the antipode today. Instead, the Firsov magnetic anomaly could be an extension of the Orientale antipode (Mare Marginis) group. Alternately, as discussed by Richmond et al. [2005] and Halekas et al. [2002] , there is some evidence that pre-Nectarian terranes are magnetic, possibly having acquired their magnetism from a core dynamo active at the time. If correct, then the magnetism in the pre-Nectarian highland units at Firsov could have originated in that way.
Summary of Findings for Magnetic and Albedo Anomalies
[49] The preceding sections present a comprehensive survey of lunar magnetic and albedo anomalies. Table 1 lists the locations studied, categorizes each magnetic anomaly as weak, moderate, or strong, and gives a brief description of the character of any swirl-like markings. Our findings support the conclusion of Blewett et al. [2007b] that crustal magnetic anomalies in the maria are correlated with albedo features that possess the complex, sinuous structure of the Reiner Gamma Formation. Magnetic anomalies in the highlands are likely to harbor simpler high-albedo surface markings. Some areas of mixed mare/highland terrain exhibit complex swirls, and Firsov is an example of complex swirls in a pure highland setting. However, not all surfaces within weak-to-moderate magnetic anomalies have swirl-like markings. Abel, Crozier, Hartwig, and Stöfler fall into this category.
[50] The magnetic anomaly strengths presented here (maps in Figures 6, 9 , and 10 and estimates listed in Table 1 ) are based on data obtained from orbit, and are continued to a common altitude of 30 km. Magnetic measurements made on the surface would yield greater field strengths and would likely exhibit much more complex spatial structure than is apparent from the Lunar Prospector data [e.g., Halekas et al., 2010] . The presence of strong localized surface fields measured with relatively low resolution from orbit could explain the occurrence of swirl markings at locations with apparent low field strength (e.g., Moscoviense and the small swirls in Figures 6b and 13c ).
Spectral Trends: Space Weathering and Composition
[51] In this section, we use Clementine UV-Vis multispectral image products to examine spectral relationships among selected swirls and the surrounding terrain. The goal is to provide information on composition and optical maturity that can be used to constrain the nature and origin of the swirls.
Background on Spectral Analysis Methods and Derived Data Products
[52] We construct maps of the ferrous iron abundance (FeO) and optical maturity parameter (OMAT) using Clementine images and the algorithms of Lucey et al. [2000a Lucey et al. [ , 2000b . These algorithms represent a quantification of the Hapke model for understanding the reflectance of a silicate regolith [Hapke et al., 1975; Rava and Hapke, 1987] . According to this model, the reflectance properties in the near-ultraviolet to near-infrared portion of the spectrum are controlled chiefly by three components: (1) opaque phases such as ilmenite (FeTiO 3 ) or coarse-grained iron metal; (2) ferrous iron in transparent minerals and glasses, and (3) nanometer-to-micrometer-sized particles of metallic iron.
[53] Opaque phases that are large compared with the wavelength of light generally have low reflectance and flat spectra lacking strong absorption features. Therefore, increasing the abundance of an opaque in a soil will tend to lower the albedo across the spectrum and simultaneously cause the spectrum to become less red ("bluer"). The visible spectral slope is often measured via the ratio of reflectance in the ultraviolet or blue to the reflectance in the red or infrared. This ratio has been used for mapping titanium content via the spectral effects of ilmenite [e.g., Lucey et al., 1998 Lucey et al., , 2000a .
[54] Ferrous iron (Fe 2+ ) in silicates is responsible for an electronic absorption band centered near a wavelength of 1000 nm (1 mm). The 950 nm/750 nm reflectance ratio is a measure of reflectance near the center (950 nm) of the Fe 2+ absorption relative to the reflectance in the continuum (750 nm). Thus, this near-infrared (NIR) color-ratio value is related to the strength of the absorption band and hence to the abundance of Fe 2+ in the silicate material. Greater Fe 2+ abundance (deeper band) will decrease the 950 nm/ 750 nm ratio. An increase in the Fe 2+ content of a silicate mineral or glass will also cause decreased overall reflectance, as the "1 mm" band deepens, broadens, and begins to overlap with strong charge transfer absorptions in the ultraviolet. Similarly, a decrease in 1 mm band strength related to lower Fe 2+ abundance or caused by space weathering will increase the 950 nm/750 nm ratio. The continuum slope in the NIR also influences the 950 nm/750 nm ratio. A steeper ("redder") slope corresponds to a higher ratio value.
[55] Submicrometer-size metallic iron particles (also called nanophase iron, npFe 0 ) are produced by two processes related to space weathering, the exposure of material on the surface of an airless body [e.g., Hapke, 2001; Noble and Pieters, 2003] . Micrometeoroid impacts on and solar wind sputtering of FeO-bearing material produce vapor phase deposits of small (less than ∼10 nm) iron particles on the surfaces of soil grains [Keller and McKay, 1993; Pieters et al., 1993] . During micrometeoroid impact melting of soil, FeO can be reduced, perhaps with the aid of implanted solar wind hydrogen, to create larger metallic iron blebs that are up to several hundred nanometers in size. The iron blebs produced during melting are found within glassy agglutinate particles. Experimental work has determined that the spectral effects of iron particles have an important dependence on size [Noble et al., 2007; Lucey and Noble, 2008;  and references therein]. Smaller npFe 0 (less than ∼10 nm) causes some darkening and also greatly affects the visible continuum, producing a strong red spectral slope. Larger (greater than ∼50 nm) npFe 0 tends to cause an overall reduction in reflectance, with little effect on the continuum shape. For intermediate sizes, the spectral effects depend on the concentration of npFe 0 particles: low abundances cause a curved spectrum in the visible, and as the concentration of npFe 0 increases, the reflectance decreases while the continuum becomes more linear and strongly sloped from visible to nearinfrared. As a planetary regolith is exposed to space, it accumulates more of these weathering products and thus "matures" as a function of time. A greater abundance of small npFe 0 will lead to a stronger red spectral slope and weaker 1 mm band, which is manifest as an increase in the 950 nm/750 nm ratio.
[56] The spectral effects of ferrous iron in silicates and the spectral effects of nanophase iron are roughly orthogonal, as illustrated in Figure 17 . Increased Fe 2+ leads to lower reflectance and lower 950 nm/750 nm ratio, whereas increased npFe 0 (greater maturity) causes lower reflectance but higher 950 nm/750 nm ratio. The Lucey et al. [2000a Lucey et al. [ , 2000b mapping method exploits the orthogonal spectral effects of composition and maturity in order to produce parameters sensitive to these characteristics that are decoupled from each another [see also Lucey et al., 1995 Lucey et al., , 1998 Blewett et al. 1997] .
[57] We use Clementine-based maps of the OMAT and FeO parameters in the analysis below. In addition to the spectral parameter maps, we construct plots of the 950 nm/ 750 nm reflectance ratio versus 750 nm reflectance for image pixels within defined regions-of-interest (ROIs). Ratioreflectance diagrams have proven to be very useful in understanding the relationships between color, composition, and space weathering on the Moon [e.g., Lucey et al., 1995 Lucey et al., , 1998 Blewett et al., 1997 , Shkuratov et al., 1999 Staid and Pieters, 2000] , Mercury [Robinson and Lucey, 1997; Blewett et al., 2007a Blewett et al., , 2009 Warell and Valegård, 2006] , and asteroids [Murchie et al., 2002] . Srivastava [2009] has presented a 950 nm/750 nm versus 750 nm plot for portions of the Airy and Reiner Gamma swirls as part of a study of optical maturity.
Optical Maturity and FeO Maps: General Observations
[58] The OMAT parameter is a measure of the darkening, reddening, and band depth reduction effects of the nanophase iron produced by space weathering [Lucey et al. (Figure 17 ) that larger values of OMAT correspond to a lesser degree of maturity; that is, higher OMAT = immature (fresher), lower OMAT = more mature. Hence, in images of the OMAT parameter, fresh craters appear bright against a darker background of more mature material. Prior work [Hughes et al., 2006; Blewett et al. 2005 Blewett et al. , 2007b Blewett et al. , 2007c reported that for the locations examined, the bright portions of the swirls correspond to high OMAT values compared with the surroundings. Here we confirm that observation and find that this is the case for all swirls studied in this paper: Airy, Descartes, Firsov, Gerasimovich, Hopmann, Mare Ingenii, Mare Marginis, Mare Moscoviense, north of Rima Sirsalis, northwest of Apollo basin, and Reiner Gamma. Representative Clementine OMAT images are presented in Figures 18 to 21 , where we have selected two mare swirls and two highland swirls as examples.
[59] Clementine FeO maps were constructed for all the swirls listed in the paragraph above using the algorithm of Lucey et al. [2000a] . Example images are presented in Figures 18 to 21 . As a check, we also made FeO and OMAT images for Reiner Gamma using the algorithms of Wilcox et al. [2005] . This method is specifically tuned for the maria in order to provide improved suppression of maturity effects in the FeO maps. In and around the swirls, the standard and mare versions of the FeO and OMAT images are very similar, and none of our conclusions would change by employing image products generated with the Wilcox et al. [2005] algorithms.
[60] We find that at highland sites, the high-reflectance parts of a swirl are typically ∼0 to 2 wt.% lower in FeO than the surroundings. At mare locations the difference is slightly more pronounced, with the bright portions of a swirl ∼1 to 4 wt.% lower in FeO than the mare background. These relatively small FeO abundance differences between swirl and background may only be marginally significant in terms of the absolute accuracy of the Lucey et al. [2000a] compositional mapping algorithm, which is on the order of ±1-2 wt.% FeO. However, the fact that these contrasts are visible in the FeO images does demonstrate the presence of measureable spectral differences as quantified by ratioreflectance values and the Lucey et al. [2000a] spectral Fe 2+ parameter "".
[61] In agreement with our findings, other studies have also concluded that the high albedo of the swirls is caused largely by immaturity, with a smaller contribution from compositional differences; Hawke [1981, 1987] and Pinet et al. [2000] for the Reiner Gamma Formation and Blewett et al. [2007b] for the Airy swirl. These workers used spectral evidence independent of the Lucey et al. [2000a, 2000b] mapping methods, including high-spectral resolution Earth-based telescopic data. There is no evidence that the bright swirls are composed of exotic materials or that mare swirls contain a major highland component.
[62] We have selected two mare swirls and two highland swirls to illustrate the spectral and compositional trends. The next sections examine these cases in more detail.
Reiner Gamma Formation
[63] The Reiner Gamma swirl is clearly visible in both the FeO and OMAT parameter images (Figure 18 ). Although not shown in the close-up view of Figure 18 , the southwest and north swirl tails have less contrast with the background and a more diffuse character in the OMAT parameter image compared with their appearance in the albedo and FeO parameter images. This could indicate that at these tail locations the visibility of the swirls is caused more by small compositional differences than by maturity contrast with the background surface.
[64] Several image ROIs for Reiner Gamma are defined in Figure 18d . The average FeO and OMAT values for each ROI are listed in Table 2 . The bright portion of the central swirl has an average FeO value of ∼16 wt.%, lower than those of the north and south mare background regions, which each average ∼19 wt.%. The average OMAT for the bright swirl differs strongly from the averages for the two background regions, indicative of the optical immaturity of the swirl material. These compositional and maturity relations can be seen in the NIR ratio-reflectance diagram (Figure 19 ). The points for the main swirl lie to the upper right of the trend defined by two mare background regions. This is consistent with a slightly higher FeO abundance in the background mare, as shown by the FeO image in Figure 18c and the averages reported in Table 2 . The magenta points in Figure 19 , representing a transect that passes from a bright area near the center of the main swirl southward onto the mare surface (Figure 18d ), span the spectral space from the main swirl to the background mare.
Mare Ingenii
[65] The Mare Ingenii swirls are an example exhibiting complex swirl morphology. The swirls stand out easily from the surroundings in both the OMAT and FeO images (Figure 20) . Two regions of interest are defined in Figure 20a . The central part of the Thomson M swirl (black outline in Figure 20a ) has an average FeO value of 14 wt.% (Table 2 ). In the nearby Thomson M mare background (yellow outline), the average FeO is 16 wt.%. The Thomson M swirl's immaturity is evident in its average OMAT value of 0.24, much higher than that of the background mare surface, 0.16 (Table 2) . These FeO and OMAT values are as expected from the locations of these regions in the NIR ratio-reflectance plot shown in Figure 21 .
Descartes
[66] At Descartes (Figure 22 ), the high-reflectance albedo anomaly is prominent in the OMAT image and has a small difference from the nearby surface in the FeO image. The central part of the albedo anomaly (Figure 22a ) has an average FeO value of 4.5 wt.% (Table 2 ). The area of the northern highland background has an average FeO content of 6.1 wt.%; the northwestern highland background ROI has 5.8 wt.%. The northwestern background region approximately coincides with the Apollo 16 standard telescopic observing site. The slightly lower FeO abundance of the central anomaly compared with the two highland background regions is illustrated in the NIR ratio-reflectance plot presented in Figure 23 . The points for the central anomaly fall slightly to the upper right of the maturation trend for the highland background areas. The immaturity of the albedo anomaly (greater average OMAT value, Table 2 ) compared with the two background regions corresponds to the location of the albedo anomaly cluster at a greater distance from the origin used to define the OMAT parameter (Figure 23 , compare Figure 17 ).
Gerasimovich
[67] The characteristics of the Gerasimovich swirl (Figure 24 ) revealed in the FeO and OMAT images are similar to those at Descartes, except that the Clementine FeO values for the main Gerasimovich swirl are essentially the same as those of the surroundings. The Gerasimovich main swirl clearly stands out in the OMAT image (Figure 24b ). The bright swirl material has small, subtle differences from the adjacent lower-albedo surface in the FeO image (Figure 24c ). Some boundaries in the FeO image that have counterparts in the reflectance and OMAT images can be identified, but elsewhere in the FeO image the main swirl cannot be readily distinguished from the surroundings. The Gerasimovich main swirl ROI has average FeO of 5.9 wt.%, which, within the standard deviation, overlaps with the 5.7 and 5.8 wt.% averages of the two background regions (Table 2 ). In the NIR ratio-reflectance plot for Gerasimovich ( Figure 25 ) the clusters of points for the three regions lie roughly on the same trend, corresponding to approximately equal values and hence to very similar FeO abundances according to the Lucey algorithm (compare with Figure 17 ). The background regions are clearly more mature (lower average OMAT) than the main swirl (Table 2 ).
Implications for the Origin of Lunar Swirls

Discussion
[68] The correlation of swirls with magnetic anomalies suggests that there is a link between these two phenomena. It has been suggested that comet impacts could impress a magnetic field on the lunar surface [Gold and Soter, 1976; Schultz and Srnka, 1980] . However, several lines of evidence argue against a comet-impact origin for swirls. First, if a thin surface layer of material was modified by the action of cometary dust and gas, it appears that the degree of magnetization required to produce the observed magnetic fields would be unrealistically high [Nicholas et al., 2007] . Second, comets are predicted to strike the planet Mercury with greater frequency than they do the Moon [Gold and Soter, 1976; Starukhina and Shkuratov, 2004] . Therefore, if the cometimpact origin of lunar swirls is correct, then Mercury should exhibit swirls in even greater numbers than does the Moon. However, combined Mariner 10 and MESSENGER images are now available for nearly the entire surface of Mercury, and no example of a lunar-like swirl has been found [Blewett et al., 2010a] . Further, the comet-impact model does not predict a difference in FeO content between the putative comet-scoured surface and the unmodified background terrain, contrary to the observations we describe in section 7.
[69] Thus, for the present, we set aside hypotheses for swirl formation that involve comet impacts. Older hypotheses attributed swirls to nuée ardente deposits produced by pyroclastic flows [McCauley, 1967] or to material derived from sublimation of volatiles from the lunar interior [e.g., Whitaker, 1969; El-Baz, 1972; Schultz, 1976] . These mechanisms should produce unusual compositions, which we do not observe, and do not explain the coincidence of swirls with areas of magnetized crust.
[70] Other concepts for swirl formation hinge on interaction between a preexisting magnetic anomaly and the solar wind. As mentioned above, terranes with remnant magnetism could have been produced by fields generated by a core dynamo early in lunar history or by deposition of magnetized basin ejecta. Two solar wind related hypotheses for the origin of lunar swirls are diminished space weathering caused by magnetic shielding of the surface from the solar wind [e.g., Hood and Schubert, 1980; Hood and Williams, 1989] and electrostatic movement and concentration of fine-grained plagioclase-rich dust [Garrick-Bethell et al., 2009a . We next describe how our multispectral Clementine observations and other evidence fit with the predictions of these two models.
Solar Wind Shielding
[71] The solar wind shielding hypothesis holds that decreased solar wind flux within a magnetic anomaly [e.g., Hood and Williams, 1989; Harnett and Winglee, 2000 ] is responsible for delaying or preventing the normal process of lunar space weathering (optical maturation) and thus maintaining within the swirls the spectral characteristics of unweathered material. Our findings and the work of others Hawke, 1981, 1987] indicate that the highreflectance portions of the swirls indeed have spectral characteristics consistent with immature material. The swirls are visible predominantly because of maturity differences with the background. Evidence for the presence of minimagnetospheres over Reiner Gamma [Kurata et al., 2005; Nicholas et al., 2007] and Gerasimovich Wieser et al., 2010] , two of the strongest magnetic anomalies, indicates that the surface in these areas is in fact Figure 17 . Conceptual NIR ratio-reflectance plot illustrating the definitions of the Lucey et al. [2000a Lucey et al. [ , 2000b FeO and optical maturity (OMAT) parameters. Normal space weathering proceeds from lower right (fresh material) to upper left (more mature material). Material with a particular FeO content falls along a maturity trajectory with constant , the spectral parameter that is highly correlated with the inherent ferrous iron content of the silicates. In the diagram, the material at 1 has a lower FeO content than that at 2 . A greater distance from the origin corresponds to a larger value of the OMAT parameter, that is, fresher material. See Lucey et al. [2000a Lucey et al. [ , 2000b for the exact equations used in the definition of the parameters. experiencing decreased solar wind flux, a necessary prerequisite for the solar wind shielding model. Some dark lanes may be "overmatured" areas receiving enhanced solar wind flux because of scattering or focusing from the magnetically shielded areas [e.g., Hood and Williams, 1989] .
[72] In order for the solar wind shielding hypothesis to be correct, the solar wind must necessarily be a key agent of space weathering on the Moon. For example, while a magnetic anomaly may shield the surface from the solar wind, it will not block the flux of micrometeoroids [Richmond et al., 2003] . The vapor-deposited blebs and coatings of nanophase metallic iron that are responsible for the optical effects of space weathering are thought to be produced by both micrometeoroid impact and solar wind ion sputtering [e.g., Pieters et al., 2000; Hapke, 2001] . It seems virtually certain that micrometeoroid bombardment will produce and deposit vapors in the lunar regolith (see calculations by Hapke [2001] ). It could be that solar wind exposure is somehow a precondition for impact vaporization to reduce ferrous iron to its metallic form in the vapor deposits, but the arguments reviewed by Hapke [2001] and laser pulse experiments simulating impact space weathering of powdered minerals [e.g., Yamada et al., 1999; Sasaki et al., 2001] suggest that darkening and reddening occur without the need for implanted hydrogen.
[73] Estimates of the timescales for weathering by the two processes (micrometeoroid impact or solar wind ion bombardment) differ substantially. Hapke [1977] estimated times of ∼2 × 10 5 years for darkening of undisturbed lunar rock powder by either solar wind sputtering or micrometeoroid impact vaporization. If this is correct, then the solar wind and micrometeoroids ought to make an equal contribution to lunar soil maturation. By contrast, from their laser irradiation experiments simulating micrometeoroid impacts, Yamada et al. [1999] estimated that ∼10 8 years are needed at a solar distance of 1 astronomical unit to produce major optical changes. In this case, solar wind sputtering would be the dominant source of lunar space weathering (10 5 versus 10 8 years, i.e., the solar wind generates optical changes ∼1000 times faster than does micrometeoroid impact).
Spectral study of asteroid families created by recent collisional break-up suggests that reddening of asteroid surfaces takes place rapidly (∼10 6 years) and hence favors the solar wind as the primary agent of space weathering in the asteroid belt [Vernazza et al., 2009] .
[74] Note that the time required for the rays of large lunar craters to reach optical maturity is considered to be ∼10 9 years, based on the example of the Copernicus crater. Copernicus is thought to have an age of ∼800 Myr, and its ray system has nearly reached full optical maturity [Grier et al., 2001; Hawke et al., 2004] . The longer time required for actual maturation of Copernicus' rays (∼10 9 years) relative to the estimates for maturation by solar wind sputtering (10 5 years) or micrometeoroid bombardment (10 5 or 10 8 years) can be explained by exposure of fresh material as boulders and blocks in the rays are broken down. This process on the real Moon contrasts with the undisturbed powders considered in the space-weathering time estimates. Figure 18d . For each ROI, 150 randomly selected image pixels are plotted. The near-infrared ratio-reflectance diagram illustrates trends related to ferrous iron abundance and maturity. In general, material will move toward the upper left as space weathering proceeds, as indicated by the normal weathering trend of the background mare (yellow arrow). Material with higher ferrous iron abundance plots toward the lower left. Cross-cutting trend in the main swirl transect pixels (magenta points and arrow) suggests compositional mixing between swirl material and mare background. Arrows are for illustrative purposes and do not represent fits to the data.
[75] If the major magnetic anomalies were emplaced at the time of basin formation, as suggested by the antipodal correlation [Lin et al., 1988; Hood et al., 2001; Richmond et al., 2005; Mitchell et al., 2008] , then the magnetic anomalies date to roughly 3.8 Gyr. Does this mean that the swirls visible today are also ∼3.8 Gyr old? It could be that ejecta from craters outside a magnetic anomaly are occasionally deposited within the magnetically shielded area, thus "refreshing" the surface [Hood et al., 1979a . If this is the case, then the degree of solar wind shielding required to maintain the visibility of the swirl could be less than that needed in the absence of the addition of outside material. Consider this hypothetical example by way of illustration: Assume the maturation time for normal flat surfaces is 500 Myr, and that at a particular location a crustal magnetic field provides 50% shielding from the solar wind. The maturation time within the shielded area would presumably double to 1 Gyr. Therefore, ejecta deposited in the shielded area at 750 Myr could still appear fresh, while nearby nonshielded surfaces would have reached full optical maturity. If this process is in fact taking place, the refreshing of shielded surfaces by deposition of ejecta may mean that the swirls visible today do not necessarily date from the time of formation of the magnetic anomalies. Thus, according to the "solar wind shielding with ejecta refreshment" model, the age and existence of the swirls are a function of the strength and configuration of the magnetic anomaly at a particular location, and in addition have a dependence on the (stochastic) process of ejecta input. Perhaps magnetic anomalies such as the ones at Abel, Hartwig, and Stöfler lack perceptible swirls because the area has not received sufficient recent refreshing ejecta input.
[76] Our FeO abundance maps reveal small but measureable compositional differences between most bright swirls and their surroundings, with the bright areas having lower FeO content (see sections 7.3 to 7.6). These findings for Reiner Gamma are in qualitative agreement with the approximately 5-10% highland component detected at Reiner Gamma by Hawke [1981, 1987] based on mixing model analysis of telescopic reflectance spectra in the NIR (0.6-2.5 mm). The addition of lower-FeO ejecta material derived from highland impacts could potentially explain the compositional differences observed in the Clementine-derived FeO maps. For example, Hood et al. [1979a Hood et al. [ , 1979b have discussed evidence that craters Glushko (Olbers A) or Cavalerius contributed material to Reiner Gamma. It is known that mare regolith can contain a nonnegligible highland component, for example the finding of 20% feldspathic material contained in Apollo 11 soils by Korotev and Gillis [2001] .
[77] The iron-mapping algorithm of Lucey et al. [2000a] was developed using Clementine multispectral observations of the Apollo and Luna sample return sites, and calibrated using the laboratory-determined FeO contents of the samples returned from those sites. The Apollo and Luna sampling sites include typical fresh and mature surfaces. If abnormal space weathering is taking place within the magnetic anomalies, as postulated by the solar wind shielding concept for swirl formation, could this violate the assumptions of the Lucey algorithm and produce erroneous values? To answer this question, we consider the role of nanophase iron in producing the optical effects of space weathering. In section 7.1 we reviewed the current understanding of the way that the size of the npFe 0 particles and coatings in a soil controls the degree of reddening and darkening the soil exhibits [e.g., Hapke, 2001] . It is thought that smaller npFe 0 particles and coatings (less than ∼10 nm) are created by vapor phase deposition during micrometeoroid impact and solar wind sputtering. Larger npFe 0 (greater than ∼50 nm) particles form during micrometeoroid impact melting and hence are found within agglutinates. The smaller npFe 0 produce reddening and some darkening, while the larger npFe 0 are responsible mainly for overall darkening [Noble et al., 2007] .
[78] Therefore, there are several possible consequences for a surface that receives reduced solar wind bombardment because of the presence of a magnetic shield. (1) Decreased solar wind sputtering might decrease the production of vapors, and hence the soil would accumulate small npFe 0 at a slower rate than normal. Thus the soil would remain brighter and unreddened longer than usual. (2a) If implanted solar wind H is needed for the reduction of FeO in minerals and glasses to large npFe 0 grains during impact melting, then a shielded surface would not build up large npFe 0 at the normal rate and consequently would not darken as quickly. (2b) If larger-size npFe 0 is produced during melting by coalescence of the smaller npFe 0 coatings that formed by vapor phase deposition, then in a shielded surface the deficit of small npFe 0 would lead to a deficit of large npFe 0 , and hence to a lack of darkening. Presumably some small npFe 0 would still be generated by micrometeoroid impact vaporization, so the predicted optical characteristics of a surface shielded from the solar wind are that it would undergo a decreased amount of reddening and little darkening compared to the normal situation.
[79] The normal space-weathering trend includes both darkening and reddening, with trajectories that depend on the innate FeO content of the surface, as illustrated in Figure 17 . Clearly the swirls have not darkened substantially. As described in the preceding paragraph, the expected weathering trend in a magnetically protected area can be thought of as "partial reddening with little darkening." This abnormal trend is depicted in Figure 26 . Rather than moving up and to the left in the NIR ratio-reflectance diagram, a Figure 21 . NIR ratio-reflectance scatterplot for image ROIs at the Mare Ingenii swirl. Color of plot symbols corresponds to color of lines outlining the ROIs in Figure 20a . For each ROI, 150 randomly selected image pixels are plotted. The swirl surface has higher reflectance and lower 950 nm/750 nm reflectance ratio than the mare background, and the swirl points lie along a different weathering trend than that defined by the background points.
shielded surface would tend to move slowly upward (to a greater 950 nm/750 nm reflectance ratio, i.e., become slightly redder) with little movement to the left (i.e., little effect on 750 nm reflectance). A result of this atypical trajectory in ratio-reflectance space is that the shielded material will move to an apparently smaller value of the angular FeO-sensitive parameter (see Figure 26) and hence map to a lower FeO content according to the Lucey et al. [2000a] algorithm. If correct, this process could therefore explain the slightly lower FeO content of the bright swirls compared to their surroundings in our Clementine FeO maps. In the maria, the normal weathering trajectories are steeper than those in the highlands (because of greater FeO content and thus larger ). Therefore, at the mare sites, the lack of darkening attributed to magnetic shielding could lead to a relatively greater shift in than at the highland locations. This effect can be seen by inspection of the ratio-reflectance plots (Figures 22-25) and might explain the greater compositional contrasts (swirl versus background) seen in the mare site FeO images (Figures 18 and 20) than in the highland site FeO images (Figures 22 and 24 ) and listed in Table 2 . Kramer et al. [2010] have described size-dependent effects of npFe 0 in the UV-visible range associated with magnetic shielding that could affect the predictions of the multispectral titanium-mapping algorithm of Lucey et al. [2000a] .
[80] In summary, according to the solar wind shielding model, there are two possible ways to explain the observed differences in FeO content between bright swirl material and the surroundings. The first is that ejecta from a lower-FeO source were deposited within a magnetically shielded area. The second involves the actual mechanism of anomalous space weathering (lack of production of large-grained npFe 0 and decreased production of small-grained npFe 0 ) and the effects on the Clementine spectral iron parameter that lead to an apparently lower FeO content. It could be that at some locations both effects are operating.
[81] An aspect of the swirls that the solar wind shielding model may not account for is their photometric behavior. Swirls including the Reiner Gamma Formation have been shown to have anomalous photometric properties [Kreslavsky Kreslavsky and Shkuratov, 2003; Kaydash et al., 2009; Shkuratov et al., 2010] , although the longstanding notion that Reiner Gamma is strongly forward scattering [e.g., Schultz and Srnka, 1980] has been challenged [Opanasenko and Shkuratov, 2004] . The photometric function of a regolith has generally been linked to properties including a surface's microtexture and the scattering behavior of individual soil particles (e.g., Hapke [1993] ). The regolith within the magnetically shielded areas is affected by impacts of all sizes and would not be expected to differ in characteristics such as porosity or subresolution roughness from nonshielded areas. As discussed above, there are predicted differences in the size distribution of nanophase iron associated with abnormal space weathering, but detailed radiative transfer modeling would be needed in order to ascertain if a change in the size distribution of nanophase iron could alter the photometric behavior of a surface.
Electrostatic Dust Movement
[82] The electrostatic dust accumulation concept has only recently been put forward [Garrick-Bethell et al., 2009a . It remains to be seen if the mechanism of electric field generation via separation of electrons and protons as they penetrate to different depths in the magnetic field over a crustal magnetic anomaly is viable. Nonetheless, these electric fields are hypothesized to cause preferential accumulation of fine dust grains that were electrostatically lofted by other processes. The finest grain-size fraction (<10 mm) of lunar soil particles is enriched in plagioclase [e.g., Walker and Papike, 1981; Taylor et al., 2001] because feldspar is more readily comminuted by impacts than other common lunar minerals [Cintala and Hörz, 1992] . Here we evaluate the hypothesis in terms of the observable consequences of swirl deposits consisting of a fine-grained, plagioclasedominated dust assemblage.
[83] Garrick-Bethell et al.
[2010] presented a Clementine NIR ratio-reflectance plot for portions of the Mare Ingenii swirl, similar to our Figure 21 . They identified trends interpreted as compositional mixing between bright swirl material and the background. Garrick-Bethell et al. [2010] state that the solar wind deflection model would predict only maturityrelated differences, and hence conclude that evidence for compositional mixing supports their dust accumulation model. In our study of both mare and highland swirls, we find similar evidence for a low-FeO compositional component within the swirls (section 7 above), evident in our visible and NIR ratio-reflectance plots and in the FeO images. However, in section 8.2 we have discussed two reasons that could, within the solar wind shielding model, account for the apparent relatively low FeO content of the swirls.
[84] The electrostatic dust accumulation concept does offer an alternative explanation for the observed high reflectance of the swirls and their apparently low FeO content relative to the surroundings as judged from the relationships exhibited in the NIR ratio-reflectance plots. The putative dust deposits, being preferentially enriched in plagioclase, would be expected to have lower ferrous iron content than nearby normal surfaces. Our observation that the compositional contrast between bright swirl and surroundings is greater for mare swirls than for highland swirls could also be explained if the swirls are dominated by feldspar-rich dust. This is because plagioclase is the chief rock-forming mineral in the highlands, and highland rocks have a lower abundance of iron-bearing pyroxenes or olivines than found in mare basalts. Therefore a process that concentrated plagioclase dust grains at the optical surface would produce less compositional contrast in the highlands than it would in the maria. In addition, it is reasonable to expect that deposits of dust would have anomalous photometric properties, as is observed. This is because the process proposed to emplace the dust deposits (electrostatic lofting, settling, and concentration of the finest grains) differs from the impact bombardment and mixing that forms the normal surface of the Moon. The dust accumulations may thus have higher porosity and enhanced "fairy castle structure" [Hapke and Van Horn, 1963] compared with typical regolith; these characteristics would be predicted to cause differences in texture and hence in photometric behavior.
[85] Several remote-sensing techniques can provide information on grain size of the lunar regolith. Radar backscatter gives clues to the abundance of scatters of the size of the radar wavelength. Maps of the Reiner Gamma formation at 3.8 cm [Zisk et al., 1974] show no features that correspond to the optical swirl, and recent mapping of selected swirls at a 12 cm wavelength by the Mini-RF instrument on the Lunar Reconnaissance Orbiter spacecraft does not clearly reveal any difference in wavelength-scale roughness between the bright swirls and nearby background [Neish et al., 2010; see also Campbell et al., 2006] . This suggests that swirls have about the same abundance of centimeter-to-decimeter size rocks at the surface and in the near-subsurface as the nearby mare.
[86] Earth-based infrared measurements of temperatures during lunar eclipse [Shorthill, 1973] show an area of lower temperature that apparently corresponds to Reiner Gamma [Schultz and Srnka, 1980] . Low eclipse temperature could be caused by low thermal inertia, consistent with a fine-grained, insulating surface that cools rapidly when the Moon enters the Earth's shadow. On the other hand, a higher-albedo surface, such as a swirl, would be expected to have a lower radiativeequilibrium temperature, and hence might appear cooler than the surroundings during eclipse. However, if low thermal inertia is confirmed by data from the Diviner radiometer instrument [Paige et al., 2009] onboard the Lunar Reconnaissance Orbiter spacecraft, such evidence for the presence of finer than average material at Reiner Gamma and other swirls would provide support for the existence of accumulated dust deposits. A means by which diminished solar wind flux caused by magnetic shielding could affect a bulk regolith property like thermal inertia is not readily apparent.
[87] Polarimetric, photometric, and spectral analysis can also potentially provide information on the grain size of the lunar surface, though interpretations have been difficult. Shkuratov et al. [2007 Shkuratov et al. [ , 2008 performed optical polarimetry of Reiner Gamma and concluded that there is a high concentration of dust in the swirl compared with the surroundings. On the other hand, photometric parameter images for Reiner Gamma have been interpreted to mean that the swirl has larger, immature particles and a greater degree of subresolution roughness than the surroundings [Shkuratov et al., 2010] . An interpretation of larger grains was also made by Pinet et al. [2000] , who concluded from spectral analysis that smaller grains from the main Reiner Gamma swirl had been swept away and deposited in the southwest tail region. Therefore the analysis of grain size using these techniques has produced inconsistent results and at present cannot help to distinguish among the competing hypotheses for swirl formation.
Conclusions
[88] We have conducted a comprehensive survey of lunar swirls and crustal magnetic anomalies. We find that all [89] Images of the multispectral ferrous iron parameter [Lucey et al., 2000a] reveal small contrasts between the highreflectance swirls and the background surface. At mare swirl locations, the swirls are well defined in the ferrous iron maps, with FeO contents that are several weight percent lower than the surroundings. Highland swirls show less structure in the FeO maps, though high-reflectance areas typically have ∼0-2 wt.% lower FeO than the background. These compositional and optical maturity trends are also evident in NIR ratio-reflectance plots of image pixels for swirls and nearby surfaces.
[90] Both the solar wind shielding model and the electrostatic dust accumulation model for the origin of the lunar swirls offer explanations for the apparent low FeO content of the swirls as interpreted in NIR ratio-reflectance plots and in maps of FeO abundance made with the algorithm of Lucey et al. [2000a] . We have described how the relatively low FeO content of swirls as gauged by the multispectral iron-mapping method could be a result of shifts in npFe 0 particle size distribution caused by anomalous space weathering rather than true compositional contrasts. However, both the dust accumulation model and the "ejecta refreshment" variant of the solar wind shielding model of swirl formation predict true compositional differences. The dust accumulation concept may offer more ready explanations for the anomalous photometric characteristics and eclipse temperature reported for the Reiner Gamma swirl. However, the lack of swirls at certain crustal magnetic anomalies could be attributed to a lack of ejecta refreshment within areas protected from the solar wind.
[91] In this paper we have presented qualitative descriptions of the spectral effects of anomalous space weathering. Future studies could perform detailed modeling of swirl and background spectra using the space-weathering model of Hapke [2001] and Lucey [2010] to account for the effects of nanophase iron of different size regimes. The analysis methods employed in this report consider only the NIR ratio and reflectance at 750 nm. In future work, it will be important to evaluate the full spectral character, including the slope in the UV-visible spectrum, and the depth, width, and location of the 1 mm ferrous iron band when making comparisons between swirl and nonswirl material. This could be accomplished with Earth-based telescopic spectra, spectra from the Kaguya Spectral Profiler, or hyperspectral imaging data from the Moon Mineralogy Mapper instrument.
[92] Information on the nature of lunar swirls continues to emerge, but definitive conclusions about the origin of Figure 17 ). Normal surfaces mature by moving to the upper left, along constant trajectories, where is highly correlated to the FeO content. However, magnetically shielded material could undergo abnormal weathering (limited reddening with very little darkening), corresponding to predominantly vertical movement in the spectral space (i.e., from the blue oval to the red oval). This results in a smaller , which translates to an apparently lower FeO content.
swirls cannot yet be drawn. We currently favor hypotheses for swirl formation that involve the influence of a crustal magnetic anomaly on the solar wind [cf., Blewett et al., 2010a] . Key questions concerning lunar swirls and crustal magnetic anomalies that need to be answered include the following: (1) Are the crustal magnetic anomalies truly capable of causing an important decrease in the solar wind flux reaching the surface? (2) Are electric fields induced by solar wind interaction with a magnetic anomaly able to cause net accumulations of fine dust? (3) Can crustal magnetic anomalies be used to disentangle the effects of space weathering caused by solar wind sputtering from those due to micrometeorite bombardment? (4) Do prominent swirls in areas of lower magnetic field intensity actually have smallscale strong fields at the surface that are below the spatial resolution of available orbital measurements? (5) To what extent does input of younger crater ejecta from outside a swirl contribute to the swirl's visibility? (6) Can the absence of high-albedo swirl markings at some weak-and moderatestrength magnetic anomalies be explained by a lack of timely refreshment by ejecta deposition? (7) Can measurements independent of the multispectral iron-mapping algorithm confirm the existence of compositional differences between swirl material and nearby background? (8) Do swirls have a different grain size distribution than areas of normal regolith?
[93] A wealth of new data from the Kaguya, Chandrayaan-1, Chang'E-1, and Lunar Reconnaissance Orbiter spacecraft is becoming available, and this will lead to further progress in our understanding of the lunar swirls. Ultimately, in situ exploration may be needed to fully solve the puzzle of swirl origin. As advocated by Richmond and Hood [2008b] and Blewett et al. [2010b] , a rover or lander targeted to a prominent albedo and magnetic anomaly and carrying a magnetometer, solar wind spectrometer, Mössbauer spectrometer, X-ray diffraction instrument, UV-visible NIR spectrometer, and a microscopic imager would provide important information on the nature of swirls, the source of magnetic anomalies, and the role of the solar wind in space weathering.
